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CIRCUIT DESIGN FOR LIQUID PROPERTY
SENSOR

TECHNICAL FIELD

The invention relates 1in general to sensors used to detect
properties of a fuel and, more particularly, to a sensor for

detecting the complex impedance of a fuel.

BACKGROUND OF THE INVENTION

The property of a gasoline, such as 1ts conductivity or
dielectric constant, are often important for operation of a
motor vehicle. Such constants can be used to provide the
concentration of ethanol 1n a gasoline and can also deter-
mine the amount of water mixed i with the fuel. For
example, experimental data shows that the fuel dielectric
constant 1s directly proportional to the ethanol concentration
but relatively msensitive to water contamination, while fuel
conductivity 1s very sensitive to water concentration. Thus,
for these applications and others, there 1s a need for a fuel
sensor that precisely measures the impedance of fuel.

Current sensor designs have problems handling small
capacitance measurements, requiring a relatively large sens-
ing element to increase the signal-to-noise ratio. Further,
instead of separately measuring resistance and capacitance,
the designs measure total impedance, requiring a relatively
higch frequency 1n the 10-100 MHz range to reduce the
conductivity impact. Two excitation frequencies are then
needed to complete the measurement, low frequency for
resistance measurements and high frequency for capacitance
measurements.

SUMMARY OF THE INVENTION

The present mvention 1s a sensor design with a small
sensing element to minimize sensor package size, which 1s
capable of measuring both resistance and capacitance using
a single, low excitation frequency. The low excitation fre-
quency reduces circuit radiation and, hopefully, the cost of
components. The sensor 1s capable of handling very small
capacitance and resistance values with high accuracy.

Specifically, the apparatus for determining the complex
impedance of a fuel includes a sensing element 1n contact
with the fuel, means for exciting the sensing element with an
excitation signal of a predetermined frequency to generate
an 1mnduced signal, means for generating a phase signal using
the induced signal, and means for producing a magnitude
signal using the induced signal. The phase signal 1s 1ndica-
five of the phase of the complex impedance, while the
magnitude signal 1s indicative of the magnitude of the
complex impedance. The apparatus can include means, such
as a microcontroller, for calculating either the resistance or
the capacitance or both using the magnitude signal and the
phase signal. The engine controller can receive the magni-
tude signal and the phase signal and calculate these quan-
fities.

A typical sensing element comprises two spaced elec-
trodes. Preferably, one or more direct current (DC) block
capacitors remove DC components from the excitation sig-
nal and the induced signal.

The excitation signal 1s generally a sinusoidal voltage
supplied by a sinusoidal source. Preferably, the predeter-
mined frequency of the excitation signal 1s 1n a range of 10
kHz to 100 kHz. The signal induced by the sensing element
1s an mduced current signal, which 1s preferably converted
to an induced voltage signal by a current-to-voltage con-
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verter. In a preferred embodiment, the current-to-voltage
converter includes an operational amplifier with an adjust-
able gain. The adjustable gain 1s then used to change the
resolution of the induced voltage signal based upon the
resolution of the magnitude signal. If the signal resolution 1s
not high enough, the gain can be adjusted. The adjustable
cgain can 1nclude a plurality of selectable impedances. Then,
onc embodiment of the mvention can include means for
selecting at least one of the plurality of selectable 1mped-
ances to change a resolution of the mnduced voltage signal
based upon a resolution of the magnitude signal. This
selection can be performed by, for example, a microcontrol-
ler or the engine controller.

The means for generating the phase signal can include
means for comparing the induced signal to the excitation
signal the phase signal. In one embodiment of the invention,
this comparison the comparison means includes a first
comparator for generating a first square wave corresponding
to the 1nduced signal, a second comparator for generating a
second square wave corresponding to the excitation signal
and a pulse width modulator for comparing the first square
wave and the second square wave and generating the phase
signal. The phase signal thus has a duty cycle representing
the phase of the complex impedance.

The means for producing the magnitude signal preferably
includes some type of peak detector. The 1llustrated embodi-
ment describes a full-wave rectifier for receiving the induced
signal and producing a rectified signal and a low pass filter
coupled to the full-wave rectifier for receiving the rectified
signal and producing the magnitude signal. A differential
amplifier can be coupled to the low pass filter for amplifying
the magnitude signal.

One desirable embodiment includes a switch that selects
a reference signal to use in the apparatus such that means for
producing the magnitude signal produces a reference mag-
nitude signal. This reference magnitude signal can be used
to adjust the magnitude output for temperature variations in
the sensor apparatus. More specifically, the apparatus can
include means for calculating an adjustment factor, such as
the microcontroller or engine controller previously men-
tioned. The adjustment factor represents a change 1n a
magnitude of the reference magnitude signal from a refer-
ence voltage. This change 1n magnitude varies with changes
in the temperature. Thus, the means for calculating the
adjustment factor can adjust the magnitude signal by the
adjustment factor to account for changes in ambient tem-
perature around the electronics of the sensing apparatus.

BRIEF DESCRIPTION OF THE DRAWINGS

The description herein makes reference to the accompa-
nying drawings wherein like reference numerals refer to like
parts throughout the several views, and wherein:

FIG. 1 1s a pictorial representation of one placement of the
sensor 1 an automobile; and

FIG. 2 shows the sensor design of the present invention.

DETAILED DESCRIPTION

Referring now to the drawing in detail, particularly to
FIGS. 1 and 2, shown 1s the sensor apparatus 50 of the
present invention. FIG. 1 shows the sensor apparatus 50,
which includes a sensing element 60) and a control circuit or
clectronics 48, mcorporated into an engine control system.
Specifically, the sensing element 60 of the sensor apparatus
50 is located in the fuel tank 12 of a vehicle (not shown) so
that 1t 1s exposed to fuel. The sensing element 60 1s prefer-
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ably located near the fuel pump 16, which sends fuel to the
engine 20 through fuel line 14. However, the sensing ele-
ment 60 can be located elsewhere where 1t contacts fuel,
such as 1n the fuel line 14. The sensing element 60 1is
submerged 1n the fuel and excited, then an i1mpedance
magnitude and phase of the fuel are calculated from the
induced current measured at the excitation frequency.

Specifically, the control circuit 48 of the sensor apparatus
50 excites the sensing element 60 through a shielded cable
22, such as a coaxial cable, and receives an induced signal
from the sensing element 60. The control circuit 48 calcu-
lates two signals from this induced signal, one correspond-
ing to the magnitude of the impedance and the other corre-
sponding to the phase of the impedance. The control circuit
48 can include a standard microcontroller, like the engine
controller 18, which 1s used 1 automotive applications and
includes memory, mput and output means and a processor.
The control circuit 48 then can calculate the resistance and
capacitance from the signals, supplying the these values to
a diagnostic device or to the engine controller 18.
Alternately, the control circuit 48 of the sensor 50 provides
the magnitude and phase quantities to the engine controller
18, which performs the desired calculations. In either case,
the engine controller 18 can manipulate the resistance and
capacitance values to, for example, control the amount of
fuel the engine 20 receives from the fuel tank 12 through the
fuel line 14 relative to the intake of air for operation of an
engine 20).

A block diagram of one embodiment of the sensor appa-
ratus 50 that can perform this impedance determination is
shown 1n FIG. 2. The sensing element 60 of the sensor 50
comprises two spaced electrodes, an excitation plate 60a and
a sensing plate 60b, both made of a conductive material. The
sensing element 60 1s submerged 1n the fuel and excited by
a sinusoidal wave generator 52. The sinusoidal wave gen-
erator 52 genecrates a sinusoidal voltage centered at the
voltage Vdd/2. By example, the peak-to-peak amplitude 1s
around 4 volts. The smusoidal voltage 1s at a single fre-
quency 1n the range of 10 kHz to 100 kHz. If the generator
1s a single stage sine wave generator 52, the voltage 1s first
filtered through a standard low pass filter 54 to filter out high
order harmonics. Alternatively, of course, a dual stage sine
wave generator 52 can be used and the low pass filter 54
omitted.

The filtered voltage feeds through a voltage divider tied to
Vdd/2. The resulting voltage signal provides a temperature
reference voltage 55 to a switch 66. The temperature refer-
ence voltage 55, and 1ts use with the switch 66, 1s discussed
further herein. The filtered voltage also provides an excita-
fion signal to the sensing element 60 through the shielded
cable 22 at node 58. Specifically, the filtered voltage tlows
through a DC block capacitor 56, and the resulting excitation
signal reaches the excitation plate, or electrode, 60a of the
sensing element 60. Node 38 brings the DC voltage of the
excitation plate 60a of the sensing element 60 down to
oround through a grounding resistor.

The control circuit 48 receives the excitation signal from
node 58 and supplies 1t as a reference 1input excitation signal
75 for a pulse width modulated (PWM) generator 76,

discussed herein.

The control circuit 48 receives the current induced on the
sensing element 60 from the sensing electrode 60b through
the shielded cable 22. Preferably, the sensing plate, or
electrode, 60b of the sensing element 60 1s grounded through
a resistor to bring the DC components of this induced signal
to ground. Together with the ground provided for the exci-
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tation plate 60a at node 58, this ground assures that the
signals supplied to the remainder of the control circuit 48
have no DC components. Also, and as shown 1n FIG. 2, the
shield or the shielded cable 22 1s preferably brought to
ground, optionally through a resistor (not shown). As addi-
tional protection against DC components m the induced
signal, a series-connected DC blocking capacitor 62 filters
the induced signal prior to 1t being supplied to the mverting
input of an operational amplifier (op amp) 64a configured as

a current-to-voltage converter 64.

In the current-to-voltage converter 64, the inverting 1nput
of the op amp 644 1s raised to Vdd/2 through a resistor, as
1s the non-inverting nput of the op amp 64a. Feedback 1s
supplied through a feedback impedance 64bH, wherein either
the reactive component or the resistive component of the
feedback impedance 64b 1s minimized. Preferably, the feed-
back impedance 64b provides the op amp 64a with a
variable gain such that the resolution of the output signal
MAGNITUDE 1s adjustable by changing the feedback
impedance. Ideally, the output of the converter 64 i1s a
sinusoidal voltage centered at, for example, 2.5 volts.
Depending upon the characteristics of the fuel, however, the
op amp 64a can saturate, and the resolution of the signal
MAGNITUDE, discussed herein, diminishes. One charac-
teristic aiffecting the resolution of the signal 1s the ethanol
content.

In the preferred embodiment, the feedback impedance
64b comprises a plurality of parallel complex 1impedances
enabled by a gain control signal GAIN. By example, four
complex impedances are connected to four outputs of a
digital switch, and each complex impedance includes a large
resistance value 1n parallel with a small capacitance value.
The gain control signal GAIN 1s a digital signal generated by
the engine controller 18 or a microcontroller (not shown) of
the control electronics 48, here [0:0] to [1:1]. Whichever
controller receives the output MAGNITUDE sends the
signal GAIN to the digital switch, adjusting the gain of the
op amp 64a unfil the output MAGNITUDE reaches the
desired resolution. Where the fuel has a large capacitance, a
small gain 1s desirable; where the fuel has a small
capacitance, a large gain 1s desirable.

The output of the current-to-voltage converter 64 1s a
sinusoidal voltage signal 65 centered at, for example, 2.5
volts, and representative of the complex 1impedance of the
fuel. The sinusoidal voltage signal 65, like the temperature
reference voltage 55, 1s preferably fed into the switch 66.
The switch 66 can be an analog switch, such as ADG419
from Analog Devices, Inc. of Norwood, Mass., which
receives a sampling signal SELECT from the engine con-
troller 18 or a microcontroller (not shown) of the control
clectronics 48. The sampling signal SELECT determines
which of the sinusoidal voltage signal 65 and the tempera-
ture reference voltage 55 are used to calculate the output
signal MAGNITUDE. This provides a means of correcting
the output signal MAGNITUDE for temperature variations
of the circuit board on which the control electronics 48 are
mounted.

More specifically, the temperatures to which the sensor 50
1s exposed vary significantly with operation of the vehicle in
which the sensor 50 1s mstalled. Circuit board temperatures
can range, for example, from -40° C. to 125° C. Normally,
the sampling signal SELECT 1s such that the sinusoidal
voltage signal 65 passes through and 1s used to determine the
output Slgnal MAGNITUDE. The output Slgnal MAGNI-
TUDE 1s a DC voltage used by the controller in a lookup
table, for example, to determine the impedance magnitude of
the complex impedance. Testing shows, however, that signal
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drops for a nominal magnitude of 2 volts can be 10% or
more as the temperature increases. The present mvention
addresses this problem by, at specilic predetermined
intervals, sending a sampling signal SELECT that enables
the switch 66 to pass the temperature reference voltage 55 on
to the remainder of the control electronics 48 that determines

the output signal MAGNITUDE. This output signal MAG-
NITUDE 1s compared to the expected magnitude based upon
the value of the voltage reference Vdd/2. A ratio, or adjust-
ment factor, of the output signal MAGNITUDE developed
from the temperature reference voltage 55 to the expected
voltage 1s used to adjust the output signal MAGNITUDE
based upon the sensed sinusoidal voltage signal 635. In this
manner, the output signal MAGNITUDE 1s adjusted for
temperature variation prior to using 1t to determine the
impedance magnitude of the complex impedance.

FIG. 2 shows one circuit design that can detect the peak
of the sinusoidal voltage output of the switch 66, whether 1t
1s the sensed sinusoidal voltage signal 65 or the temperature
reference voltage 55. First, the signal 1s rectified by a
standard full wave rectifier 68. After passing through a
buffer 70, the signal is filtered through a low pass filter 72
to remove 1ts AC components. The resulting DC signal 1s
then fed through a differential amplifier 74, which sends the
amplified DC signal, output signal MAGNITUDE, to a
microcontroller, such as the engine controller 18. The engine
controller 18 then adjusts the output signal MAGNITUDE
by the last calculated adjustment factor if the output signal
MAGNITUDE 1s based upon the sensed sinusoidal voltage
signal 65, or a new adjustment factor 1s determined if the
output signal MAGNITUDE 1s based upon the temperature
reference voltage 535.

Optionally, the actual magnitude of the complex 1imped-
ance can be determined from this voltage output signal
MAGNITUDE. To do this, the engine controller 18 com-
pares the output signal MAGNITUDE to values on a look up
table determined in prior calibration experiments wherein
the look up table correlates voltage outputs to impedance
magnitudes. Alternately, a mathematical relationship
between these two variables can be developed and used by
the engine controller 18 to determine the 1mpedance mag-

nitude from the output signal MAGNITUDE.

The output of the current-to-voltage converter 64, which
1s representative of the complex impedance of the fuel, takes
two paths. As described above, the sinusoidal voltage signal
65 1s supplied to a peak detector, or any kind of an AC
amplitude to DC converter that detects the magnitude of the
peak of the signal. Second, the sinusoidal voltage signal 65
1s supplied to the PWM generator 76, which compares that
voltage signal 65 to the reference mput excitation signal 75
to determine the phase of the complex impedance. A mul-
fitude of circuits can determine this phase from the two 1nput
signals; one 1s shown 1n FIG. 2.

The PMW generator 76 of FIG. 2 includes two compara-
tors 76a and 76b and a pulse-width modulator circuit 76c¢. In
the example, the sinusoidal voltage signal 65 1s a sinusoidal
voltage centered at 2.5 volts. It 1s supplied to the non-
inverting input of the comparator 76a, while the inverting
input of the comparator 76a 1s at Vdd/2. The output of the
comparator 76a 1s a square wave 77 from 0 to 5 volts with
a frequency corresponding to that of the sinusoidal voltage
signal 65. The reference input excitation signal 75 1s a
sinusoidal voltage centered at O volts at the same frequency
as the sinusoidal voltage signal 65. However, the sinusoidal
voltage signal 635 1s offset 1n phase from the reference input
excitation signal 75, where the offset corresponds to the
phase of the impedance between the node 58 and the output
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of the op amp 64a of the current-to-voltage converter 64.
The reference mput excitation signal 75, like the sinusoidal
voltage signal 65, 1s similarly supplied to the non-inverting
input of a comparator 76b, while the inverting input of the
comparator 76b 1s at ground. The output of the comparator
76D 1s a square wave 79 from 0 to 5 volts with a frequency
corresponding to that the reference 1nput excitation signal 75
and with the same phase offset from the sinusoidal voltage
signal 635. The two square waves 77 and 79 are provided to
two field-effect transistors (FET) of a pulse-width modulator
circuit 76 comprising three FETs. More specifically, each of
the two square waves 77, 79 1s provided as an input to the
cgate of a corresponding FET 76d, 76¢. The source of each
of the three FETs 76d—f 1s grounded, while the drain of each
of the three FETs 76d—f 1s raised to Vdd through a resistive
load. The output voltage at the drain of the FET 76d
receiving the square wave 77 1s the mput voltage signal for
the gate of the third FET 76f, while the output voltage of the
drain of the FET 76¢ receiving the square wave 79 1s tied to
the output voltage of the drain of the third FET 76f. Thus, the
output of the pulse-width modulator circuit 76c, and of the
PWM generator 76, 1s a square wave from 0 to 5 volts with
a duty cycle based upon the difference 1n phase, or the phase
offset, of the square wave 77, representing the induced
signal, and the square wave 79, representing the excitation

signal.

The output of the PWM generator 76 1s passed through a
conventional low pass filter with a fixed gain 78. The
resulting output signal PHASE 1s a square wave with a duty
cycle ranging from 0%—50%, which 1s provided to the same
controller as the output signal MAGNITUDE, such as the
engine controller 18. The controller 18 calculates the duty
cycle according to conventional methods. Through prior
calibration, another look up table can be provided in the
engine controller 18 whereby a duty cycle of 09%—-50%
corresponds to a phase of the complex impedance of
0°-180°. Once the controller 18 has the duty cycle of the
output signal PHASE, 1t can use the look up table to
determine the phase of the complex impedance. Of course,
as with the calculation of the magnitude of the complex
impedance, a mathematical relationship governing the rela-
tionship of the output signal PHASE to the phase of the
complex 1impedance can be developed from the prior cali-
bration experiments and used instead of the look up table.
Given the complex output comprising the magnitude and the
phase outputs, the microcontroller or engine controller 18
can determine the resistance and capacitance of the fuel by
a simple calculation.

Thus 1s presented a sensor design can measure capaci-
tance down to the picofarad range and measure magnitude
and phase difference using a single excitation frequency in
the range of 10-100 kHz. A simple calculation gives the
precise measurements of resistance and capacitance.

While the invention has been described in connection
with what 1s presently considered to be the most practical
and preferred embodiment, 1t 1s to be understood that the
invention 1s not to be limited to the disclosed embodiments
but, on the contrary, 1s intended to cover various modifica-
tions and equivalent arrangements included within the spirit
and scope of the appended claims, which scope 1s to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures as 1s permitted
under the law.

What 1s claimed 1s:

1. An apparatus for determining a complex impedance of
a fuel, the complex 1mpedance having a magnitude and a
phase, the apparatus comprising:
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a sensing clement in contact with the fuel;

means for exciting the sensing element with an excitation
signal of a predetermined frequency to generate an
induced signal;

means for generating a phase signal using the induced
signal, the phase signal indicative of the phase of the
complex impedance; and

means for producing a magnitude signal using the induced
signal, the magnitude signal indicative of the magni-
tude of the complex impedance.

2. The apparatus according to claim 1, further comprising;:

means for calculating at least one of a resistance and a
capacitance of the fuel using the magnitude signal and
the phase signal.

3. The apparatus according to claim 2 wherein the calcu-

lating means comprises:

a microcontroller receiving the magnitude signal and the

phase signal.

4. The apparatus according to claim 1 wherein the sensing
clement comprises two spaced electrodes.

5. The apparatus according to claim 1 wherein the exci-
tation means comprises a sinusoidal source supplying a
sinusoidal voltage to the sensing element.

6. The apparatus according to claim 5 wherein the pre-
determined frequency 1s 1n a range of 10 kHz to 100 kHz.

7. The apparatus according to claim 1, further comprising:

a current-to-voltage converter for converting the induced
signal from an induced current signal to an induced
voltage signal.

8. The apparatus according to claim 7 wherein the current-
to-voltage converter comprises an operational amplifier with
an adjustable gain.

9. The apparatus according to claim 8 wherein the adjust-
able gain 1s adjustable to change a resolution of the induced
voltage signal based upon a resolution of the magnitude
signal.

10. The apparatus according to claim 9 wherein the
generation means further comprises:

means for comparing the induced signal to the excitation

signal to generate the phase signal.

11. The apparatus according to claim 8 wherein the
adjustable gain comprises a plurality of selectable 1mped-
ances.

12. The apparatus according to claim 11, further compris-
Ing:

means for selecting at least one of the plurality of select-

able impedances to change a resolution of the induced
voltage signal based upon a resolution of the magnitude
signal.
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13. The apparatus according to claim 1 wherein the
generation means further comprises:

means for comparing the induced signal to the excitation
signal to generate the phase signal.
14. The apparatus according to claim 13 wherein the
comparison means COmprises:

a first comparator for generating a first square wave
corresponding to the induced signal;

a second comparator for generating a second square wave
corresponding to the excitation signal; and

a pulse width modulator for comparing the first square
wave and the second square wave and generating the
phase signal, the phase signal having a duty cycle
representing the phase of the complex impedance.

15. The apparatus according to claim 1 wherein the

production means comprises:

a full-wave rectifier for receiving the induced signal and
producing a rectified signal; and

a low pass filter coupled to the full-wave rectifier for
receiving the rectified signal and producing the mag-
nitude signal.

16. The apparatus according to claim 15 wherein the

production means further comprises:

a differential amplifier coupled to the low pass filter for

amplifying the magnitude signal.

17. The apparatus according to claim 1, further compris-
Ing:

a switch for selecting a reference signal wheremn the

production means uses the reference signal to produce
a reference magnitude signal.

18. The apparatus according to claim 17, further com-
prising:

means for calculating an adjustment factor, the adjustment

factor representing a change 1n a magnitude of the
reference magnitude signal from a magnitude of a
reference voltage.

19. The apparatus according to claim 18 wherein the
means for calculating an adjustment factor further comprises
means for adjusting the magnitude signal by the adjustment
factor.

20. The apparatus according to claim 1 wherein the
sensing clement comprises two spaced electrodes and the
apparatus further comprises:

at least one direct current (DC) block capacitor removing
DC components from at least one of the excitation
signal and the induced signal.
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